INTRODUCTION
H-I is a member of the newly recognized H-viruses, which produce a specific type deformity or death in newborn hamsters (Toolan, 1968) . These viruses, which were originally isolated from human tumours and embryos (Toolan, 1961, I964) , are small icosahedral agents measuring 18o to 24o .~ in diameter (Karasaki, 1966) . They presumably contain DNA (May et al. 1967) . Recently, other minute DNA-containing viruses have been found in many adenovirus preparations and termed the adenoassociated viruses (AAV) (Atchison, Casto & Hammon, 1965 , I966, Hoggan, Blacklow & Rowe, 1966 Melnick et aL 1965; Rose, Hoggan & Shatkin, 1966 ) . Since the AAV's are very similar in size, morphology, and physical characteristics to the H-viruses, the two groups have been tentatively placed together in the parvovirus group (Mayor & Melnick, I966; Toolan, 1968) . The AAV's are defective in the sense that they are completely dependent on an unrelated 'helper' adenovirus for their growth.
H-I multiplies in several stable cell lines of human origin (Toolan & Ledinko, 1965) . In secondary cultures of human embryonic lung cells, however, H-I is not able to replicate unless these cells are co-infected with 'helper' human adenovirus i2 (Ledinko & Toolan, 1968) . The mechanism of this potentiation is unknown. Previous experi-2-2 ments showed that, even in the absence of adenovirus, H-I adsorbs efficiently to human embryonic lung cell cultures (Ledinko & Toolan, I968) . Neither adenovirus inactivated by ultraviolet light, nor adenovirus-free filtrates, are able to substitute for infective adenovirus 12 (Ledinko & Toolan, 1968 ) .
In the present study an attempt was made to characterize several parameters of the interaction between H-I and adenovirus I2 in human embryonic lung cell cultures. The results provide evidence which suggests that maximal enhancement of H-I growth occurs even when there is virtually complete interference with formation of'helper' adenovirus by the H-I. METHODS
Cell cultures. SV4o-transformed human kidney (NB) cell cultures (Shein & Enders, I96Z) kindly supplied by Dr J. F. Enders, Children's Hospital, Boston, were grown in bottles using Eagle's minimal essential medium (Eagle, 1959) containing 8 % inactivated horse serum and 8 % foetal calf serum. Secondary monolayer cultures of human embryonic lung cells were prepared from primary cultures (HEM Research, Inc., Rockville, Md., U.S.A.) as previously described (Ledinko & Toolan, 1968) . About one-half of the human embryonic lung cell shipments had to be discarded because the cells were refractory to adenovirus infection, presumably due to indigenous viruses. Secondary monolayer cultures of human embryonic kidney cells were prepared according to methods previously noted (Ledinko, 1967a) . The preparation of monolayer cultures of Salk' monkey heart' (SMH) cells has been described in detail (Ledinko, ~967b) . These cells, purchased from Microbiological Associates, Inc., Bethesda, Md., U.S.A., are probably of human origin (Brand & Syverton, 1962; Greene, Coriell & Charney, I964) .
Viruses. A stock of plaque-purified H-I was prepared in NB cells by infecting bottle cultures containing approximately 6 x IO ~ cells with about 2 × IO 4 p.f.u, of virus in Eagle's medium with 4 % foetal calf serum added. After 7 days' incubation at 37 °, the cultures were frozen and thawed three times to release virus. Cell debris was removed by centrifugation at 800 g for 15 min., and the virus-containing supernatant fluid was stored at -2o °. Plaque purified oncogenic human adenovirus type 12 was produced in human embryonic kidney cell cultures (Ledinko, 1967a ) . Electron microscopy of the adenovirus stock disclosed no detectable adeno-associated viruses (Atchison et al. 1965; Melnick et al. I965; Parks et al. 1967) .
Virus titrations. H-I titres were determined by means of the plaque method of assay on SMH monolayer cultures (Ledinko, I967b ) . Since adenovirus I2 formed pinpoint plaques in these cultures, although at an efficiency of only I °/o , of the plaque titre in human embryonic kidney monolayer cultures, specific adenovirus i2 rabbit serum (Grand Island Biological Company, Inc., Grand Island, N.Y., U.S.A.) was added to the agar overlay medium in excess of the amount required to neutralize > 99 % of adenovirus. H-I plaquing efficiency was not affected by this procedure. Adenovirus 12 was titrated by plaque assay in human embryonic kidney cell cultures (Ledinko, I967a) . In these cells H-1 does not form plaques.
Infection of cells. Secondary monolayer cultures of human embryonic lung cells were washed twice with tris-buffered saline (Winocour, 1963) , and, subsequently, 0"5 ml. of virus suspension was placed on the cell layer. After 6o min. adsorption at 37 ° the cell monolayers were washed three times with tris-buffered saline to remove unadsorbed virus. They were then covered with 2 ml. of Eagle's medium with 5 % IP: 54.70.40.11
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foetal calf serum and I mM-arginine (Rouse, Bonifas & Schlesinger, 1963) , and incubated at 37 ° in a humidified mixture of 5 % carbon dioxide in air. At various times, cultures were frozen and thawed three to four times to release virus. Cell debris was removed by centrifugation at 80o g for I5 rain. and the virus-containing supernatant fluid was frozen at -2o °. All results are expressed in terms of total (intra-and extracellular) p.f.u.
Multiplicity of infection.
The multiplicity of infection given refers to adsorbed multiplicity as determined by measuring the difference in p.f.u, of a virus suspension before and after exposure to cells. The number of cells was determined by detaching monolayers with o.o2 % EDTA in tris-buffered saline from which CaCI2, MgC12, and dextrose were omitted (TD). The cells were then counted in a haemocytometer. The efficiency of adsorption of H-I or adenovirus was not detectably affected by presence of the other virus.
Plating of infected cells. Monolayer cultures of human embryonic lung cells were infected as described above. After 2 hr adsorption at 37 ° the cultures were washed twice with tris-buffered saline. An amount of specific adenovirus I2 rabbit antiserum and H-I hamster antiserum (obtained from hamsters injected at birth with H-I virus) in excess of the amount necessary to neutralize > 99 % of each virus was added. The cultures were incubated for 2o min. at room temperature and then were washed three times with TD. Single cell suspensions were prepared by detaching cells from the dish with o.o2 % EDTA in TD. Cells were counted in a haemocytometer, and appropriate dilutions were made in tris-buffered saline containing o.I % gelatin. Then o.2 ml. of the cell suspension was placed on confluent human embryonic kidney monolayer cultures to titrate adenovirus, or on confluent SMH monolayers for H-I titrations. The monolayer cultures were prepared in 6o ram. plastic Petri dishes. After adsorption for 3o min. at 37 °, I ml. of Eagle's medium containing Io% foetal calf serum and o'9 % agar was added without removing the inoculum. When human embryonic kidney monolayer cultures were overlaid, the medium contained, in addition, I mM-arginine. When SMH monolayer cultures were overlaid, the medium also contained specific adenovirus I2 antiserum in excess of the amount required to neutralize >99% of adenovirus. After the thin agar overlay hardened, 8 ml. more of the agar overlay medium was added. The plates were incubated at 37 ° in a humidified mixture of 5 % CO2 in air and, the pH was maintained at approximately 7"3. After 8 days, the human embryonic kidney plates were overlaid with 4 ml. of the same medium, which also contained o'oo25 % neutral red; the SMH plates were overlaid after Io days. Adenovirus plaques were counted on the tenth or eleventh day after the neutral red was added, and the H-I plaques were counted on the eighth day after addition of neutral red.
Tests for double neutralization. A double neutralization test was employed to determine whether particles with the serological characteristics of both adenovirus and H-I (mixed coats) were present among the progeny derived from a mixed infection. The amounts of specific adenovirus and H-I antisera used were sufficient to neutralize > 99 % of homologous virus. Each virus was diluted to give 5 o to 6o p.f.u, per monolayer, and either adenovirus antiserum, H-I antiserum, or normal hamster serum was added to the virus. After 6o min. incubation at room temperature, o.2 ml. of each mixture was plated on 3 to 4 plates for plaque count.
Immunofluoreseenee technique. Methods used for fixation, staining, and reading fluorescent antibody tests were described by Pope & Rowe 0964). Cells were stained by the direct test. Globulin was prepared from pooled sera of hamsters immunized with H-I, by precipitation with half-saturated (NH4)zSO4 solution. It was then labelled with fluorescein iso-thiocyanate (Baltimore Biological Laboratory, Baltimore, Md., U.S.A., lot no. 2o9614) by methods previously described (Riggs et al. 1958) . The labelled conjugate which was absorbed twice with mouse liver powder had a haemagglutination-inhibition antibody titre of 1/256o with H-I. It was used at a I/5 dilution.
Tests for aden•virus 12 virus antigens. The tests were done using the complementfixation microtitre system described by Sever (1962) . Supernatants of virus harvests prepared as described above were tested with serum from rabbits immunized with aden•virus 12 (Grand Island Biological Company, Inc.). Titres were given as the reciprocal of the highest dilution giving a 3 + to 4 + fixation of 1.8 units of complement. 
RESULTS

Growth cycles of H-I and helper aden•virus after simultaneous infection
The time of appearance of new H-I in relation to that of new aden•virus was investigated. Cells were simultaneously infected with H-I and aden•virus I2, each at a multiplicity of approximately 2o. Yields of each virus were tested for total (intraand extracellular) p.f.u, at various times after infection (Fig. I) . A latent period of about 24 hr was required before growth of H-I or the aden•virus could be detected. Growth of H-I was complete in 3 days, whereas maximal aden•virus yields were found in 5 days. Ledinko & Toolan (I968) showed that stimulation of H-I growth did not occur when adenovirus I2-infected human embryonic kidney cell extracts, from which adenovirus had been removed, were inoculated together with H-I. In order to determine the amount of adenovirus required for potentiation, cells were simultaneously infected with H-I at a multiplicity of 2I and adenovirus at multiplicities ranging from about o.I to 20. Cells were harvested daily up to 7 days after infection. Plaque formation titrations revealed that maximal yields of H-I were always reached in 3 days. At adenovirus multiplicities above 4, H-I yields of 19 p.f.u, per cell were found. When the multiplicity of adenovirus fell below approximately I, the yield of H-I decreased in proportion to the dilution factor (Fig. 2) . These findings indicate that a single infective adenovirus particle can potentiate H-I growth, and that the noninfective particles present in adenovirus preparations (Green, Pifia & Kimes, I967) cannot act as helpers.
Estimation of minimum number of adenovirus particles required for potentiation
When adenovirus multiplicities of less than I were used, multiple cycles of adenovirus growth were possible. However, at this multiplicity, even in samples collected at 7 days after infection, there was no significant increase in H-I p.f.u, beyond that found in 3 days. Under the assumption that the distribution of the two infecting viruses was random, it is possible either that H-I was potentiated only within a certain time after it entered the cells, or that inhibition of adenovirus growth occurred in cells initially infected simultaneously with both viruses. Evidence will be presented which supports the latter possibility.
Effect of prior inoculation of adenovirus on the time course of H-I growth
Previous results indicated that a latent period of about 24 hr was required before H-I growth could be detected after mixed infection with helper adenovirus. The possibility existed that some factor(s) produced during adenovirus infection also functioned in the synthesis of H-I. In this event, less time might be needed for H-I formation in cells suitably primed with adenovirus. To test this possibility, cells were infected with adenovirus I2 at a multiplicity of 25. Either simultaneously, at 8, or at 24 hr after adenovirus infection, H-I was added at a multiplicity of Io. The efficiency of adsorption of H-I to human embryonic lung cell cultures did not appear to be significantly affected by prior infection with adenovirus. Yields of virus collected at various times were examined for H-I p.f.u. In the absence of adenovirus, total (intraand extracellular) p.f.u, of H-I declined progressively for about 4 days (Fig. 3) . When H-I was added together with adenovirus, the H-I titre decreased during the first 24 hr, and then increased about Ioo-fold by 3 to 4 days after infection. Addition of H-I 8 hr after adenovirus infection shortened somewhat the lag in appearance of new virus, but when H-I was added 24 hr after adenovirus, synthesis of new H-I began by i2 hr after infection, and was almost completed by the second day. Under these conditions, therefore, the latent period of H-I was shortened by at least I2 hr.
H-I immunofluorescent antigen found after single and mixed (H-I plus adenovirus) infection
Cultures of human embryonic lung cells infected with H-I alone at a multiplicity of 24 exhibited cytopathic effects (CPE), consisting of rounding and granulation of some cells, 5 days after infection. Although infectious virus was not formed, it was possible to demonstrate the formation of H-I immunofluorescent antigen in about one-third of the cells. By 3 to 5 days after infection with H-: alone (Fig. 4) , 20 to 30% of the cells showed staining with H-I fluorescent antibody. The H-I immunofluorescent antigen, consisting of finely granular material of uniform brightness, was present in the nucleus. 
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Cells were also infected with a mixture of H-I at the above multiplicity and adenovirus at a multiplicity of ~ :. The mixed infection increased the proportion of cells now exhibiting H-I immunofluorescent antigen to almost 8o % at 5 days post-infection (Fig. 4) . H-x antigen appeared as fluorescing spots in the nucleus in a little over It % of cells I day after mixed infection; by 3 days about one-half of the cells were similarly stained. At 3 to 5 days after infection, the nuclei contained mostly finely granular material, while some positive cells also had a dumped aggregate in the nucleolus. Many cells had short strands extending into the cytoplasm. After 5 days the cell monolayer was partly destroyed by typical adenovirus CPE. The intensity of fluorescence observed at 3 to 5 days after mixed infection did not appear to differ appreciably from that seen in cells infected only with H-I. 62"4 o 6I'3 I'7 Plaque assay was done on SMH monolayers, but no adenovirus serum was added to the agar overlay (see Methods). About i % of adenovirus formed pinpoint plaques, and only the much larger H-I plaques were counted. The concentration of each serum used suppressed more than 99% of homologous plaque production but had no effect on heterologous plaques. * Percentage particles having mixed coats =
•Control (normal serum) number plaques -sum of plaques = [ found after treatment with H-I and adenovirus 12 sera) x Ioo \ Control number plaques t A mixture containing approximately 50 p.f.u, of H-I and 5oo p.f.u, adenovirus I2 was used as a control for the mixed infection yields in which adenovirus titres were approximately tenfold higher than H-I titres. 
Tests for particles having serological characteristics of both H-I and adenovirus
Progeny obtained from cells infected with both H-I and adenovirus might have had serological characteristics of both viruses. Such particles, if present, should have been neutralized by both H-I and adenovirus specific antisera. To examine this possibility, cells were simultaneously infected with H-I at a multiplicity of approximately 5 and with adenovirus at a multiplicity of about It. Virus was harvested in 5 days at a time when both H-I and adenovirus growth was complete. The proportion of H-I particles or adenovirus particles having mixed coats was tested as described in Methods. In yields from doubly infected cells, the number of H-i plaques found after treatment with adenovirus antiserum was approximately equal to the plaque number found in the control (normal serum) (Table I ). These results indicate that H-I particles which were neutralizable by both H-i and adenovirus antisera were not present in any demonstrable quantity. Likewise, no evidence was found for the presence of significant amounts of adenovirus particles having mixed coats in yields from doubly infected cells (Table 2 ). Though particles with mixed coats were not observed in these experiments, it is possible that such particles could exist which contain one of the parent antigens in insufficient concentration to be detected by neutralization.
Proportion of cells which were H-I plaque formers after single and mixed ( H-I plus adenovirus) infections
To determine how many cells became actual H-I yielders after mixed infection with adenovirus, single cells were plated as infective centres. Cells were simultaneously infected with H-I at a multiplicity of approximately 20 and with adenovirus I2 at a multiplicity of about 25. Cells were simultaneously infected with H-I alone at the same multiplicity, and all cells were plated for infective centre assay. Approximately 2 to 3 % of cells singly infected were H-I plaque formers. Mixed infection with adenovirus increased the proportion of H-I yielders to about 3o to 4 ° % ( Table 3 ). Assuming that all or most cells were infected with both H-I and adenovirus, then only about one- Expt no. I * In Expt x, cells were simultaneously infected with H-I at a multiplicity of I9, and with adenovirus at a multiplicity of 24. In Expt 2, cells were simultaneously infected with H-I at a multiplicity of 22, and with adenovirus at a multiplicity of 27. Control cells were infected with H-I alone at approximately the same multiplicities.
third or slightly more of the expected doubly infected cells were evident as H-I plaque formers. One explanation for this finding may be the presence of cells which fail to support the critical step(s) in adenovirus growth required for the formation of active H-I. This possibility appears likely in view of additional data which indicate that only approximately 34% of cells infected with adenovirus alone at a multiplicity of 27 act as adenovirus infective centres.
Inhibition of adenovirus yield in cells mixedly infected with adenovirus and H-I
Ledinko & Toolan 0968) reported that simultaneous infection of human embryonic lung cell cultures with H-I at a multiplicity of I to 3 and with adenovirus 12 at multiplicities of 5 to IO had no apparent effect on the final adenovirus yield. We have now shown, however, that H-I inhibited the yield of adenovirus in cells infected with both viruses, provided that low multiplicities of adenovirus were used. Cells were infected with H-I at a multiplicity of 2i in the presence of adenovirus I2 at multiplicities ranging from 0"55 to 34. Control cells were infected with adenovirus alone. Yields of virus were collected at a time when adenovirus growth was complete or almost complete in the control cell cultures. When concentrations of adenovirus inoculum which were less than I p.f.u, per cell were used, 7-day yields were collected. Otherwise, 5-day yields were examined. The degree of inhibition of adenovirus was dependent on the input multiplicity of adenovirus (Fig. 5) . No significant inhibition of adenovirus yields was observed when an adenovirus multiplicity of Io or more was used. In those cultures infected with adenovirus at multiplicities of approximately I and less, the inhibition of adenovirus p.f.u, was greater than 7O~o of the control value, and a marked reduction in adenovirus CPE was also found. As was noted above, maximal or nearly maximal yields of adenovirus from control cells infected at multiplicities of 0"5 to I were reached by 7 days. When harvests were collected at 3 and 5 days from cultures doubly infected with H-I at a multiplicity of 21 and adenovirus at a multiplicity of 0"55, the 80 to 90 % reduction in adenovirus infectivity titres observed in these samples was similar to that found at 7 days. Experiments were also done in which cultures were simultaneously infected with a mixture of H-t and adenovirus, each at a multiplicity of approximately zo. Collections were made at 2, 3 and 4 days before maximal yields ofadenovirus were found in control cultures. Again no inhibition of adenovirus yield was found at any time interval.
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Proportion of cells forming adenovirus plaques after single and mixed (H-I plus adenovirus) infections
Experiments were made to determine whether the approximately 8o to 90% reduction in adenovirus yields observed in the presence of H-I was the result of a decrease in the actual number of cells producing adenovirus, or the result of a reduction in adenovirus synthesis in each cell. To this end, the proportion of cells acting as adenovirus infective centres was determined after infection of the cells with adenovirus both in the presence and absence of H-I. Cells were simultaneously infected with adenovirus at a multiplicity of approximately r to 2, and H-I at a multiplicity of about 15. Control cells were infected with adenovirus alone at the same multiplicity, and all cells were plated for infective centre assay. Approximately 20 % of cells infected with adenovirus alone formed infective centres (Table 4 )-In the presence of H-I, however, only about 2 to 3 % of cells plated as adenovirus plaque formers. These findings indicate that the diminution in adenovirus yield found in cells infected with both adenovirus and H-I was due to a decrease in the number of cells yielding adenovirus. * In Expt I, cells were simultaneously infected with adenovirus 12 at a multiplicity of I.I, and with H-I at a multiplicity of I4. In Expt 2, cells were simultaneously infected with adenovirus at a multiplicity of I'6, and with H-I at a multiplicity of I6. Control cells were infected with adenovirus alone at approximately the same multiplicities. 
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Inhibition by H-I of adenovirus I2 virus antigens
We considered the possibility that formation of adenovirus 12 virion antigens might have occurred in cells in which H-I inhibited synthesis of infective adenovirus. Cells were simultaneously infected with H-I at a multiplicity of 20 and with adenovirus 12 at a multiplicity of I.I. Control cells were infected with adenovirus alone at the same multiplicity. Yields, collected daily until adenovirus growth was complete, were examined for adenovirus plaque forming and complement-fixing virus antigen titres. In ceils in which H-I inhibited formation of adenovirus p.f.u, by approximately 80 % of the control value, there was no detectable synthesis of adenovirus antigens (Table 5) .
Effect of H-I interference with adenovirus growth on the ability of adenovirus to act as a helper
Previous results showed that adenovirus enhancement of H-I growth, and the interference with adenovirus growth by H-I, were separate phenomena. The possibility existed, however, that, under conditions of interference with helper virus, maximal enhancement of H-I growth was not possible. To examine this question, cells were infected with H-I at a multiplicity of 2I in the presence of adenovirus I2 at multiplicities ranging from 0.26 to 34. Control cells were infected with adenovirus alone. Yields were collected at the time (5 to 7 days) when formation of infective adenovirus was complete in control infected cultures. Under conditions of no or minimal interference, 19 to 20 p.f.u, of H-I were produced per cell (Table 6 ). When the number of adenovirus p.f.u, produced per cell in cultures infected with H-I was reduced by approximately 80 to 9o%, the number of p.f.u, of H-I was apparently still between approximately I6 and 2I. Maximal or nearly maximal enhancement of H-I therefore occurred even when there was practically complete inhibition of the formation of helper adenovirus. * Average H-I yields per cell were corrected for the proportion of cells infected with both adenovirus and H-I based on the assumption that the distribution of the two infecting viruses was random.
DISCUSSION
The secondary cultures of human embryonic lung cells used were apparently heterogeneous in their response to H-I infection. In the absence of helper adenovirus, H-I was able to produce virus antigen but no infective virus in approximately 30 ~'o of cells, while only a very small fraction of cells (2 to 3 %) was capable of supporting virus growth to completion. In cells infected with both H-I and adenovirus, 70 to 80 % of cells exhibited H-I antigen and 30 to 40 % of cells proceeded to a productive response as shown by synthesis of infective H-I. Since confluent monolayer cultures of diploid cells were used, it is possible that at least two different cell populations were present: (I) cells which had the ability to divide on subculture, and (2) cells which might have lost the potential to synthesize DNA and to divide.
The finding that H-I antigenic material was formed in the absence of adenovirus makes it likely that the step in H-I replication cycle which was blocked must have occurred after the H-I genome was uncoated. It has also been shown that the defective step(s) in the growth of another parvovirus, AAV, occurs at some stage after the intracellular release of its DNA (Hoggan et al. 1968) . The adenovirus genetic function(s) required for H-I growth is not known. It is apparently a late event in the adenovirus replication cycle which renders ceils competent to produce AAV, and this event may be associated, at least in part, with production of adenovirus DNA (Blacklow, Hoggan & Rowe, I967; Ito, Melnick & Mayor, 1967, Parks et aL I967) . Chany & Brailovsky (I967) suggested that enhancement by adenovirus 12 of growth of parvovirus RV (Kilham & Olivier, 1959) may be related to an adenovirus-induced protein.
The present experiments have shown that even though H-I is dependent on some event(s) of the adenovirus growth cycle for its development, H-t may, in turn, interfere with replication of the helper adenovirus. A similar relationship has been reported for AAV (Casto et al. I967, Casto, Atchison & Hammon, 1967, Parks et al. I968) . The mechanism by which H-I interference operates is not known. It is noteworthy that H-I has also been shown to interfere with adenovirus I2 in vivo (Toolan & Ledinko 1968 ). Inhibition of adenovirus by H-I does not appear to be due to interferon (Ho, I964) , since no inhibitory activity has been detected against interferon-sensitive viruses. The possibility, however, that an inhibitory substance, specific for adenovirus, is produced after H-I infection has not been ruled out. In any event, the failure of complete adenovirus replication was apparently no bar to enhancement of H-I growth.
